Scallop dredging is considered to be one of the most damaging forms of fishing to benthic habitats, although these effects vary among different habitats. The present study characterizes the biological communities that occur within the spatial limits of the English Channel king scallop dredge fishery in relation to key environmental drivers [mean seabed temperature; seabed temperature range; interannual temperature variation; bed shear stress (BSS); substrate characteristics; and depth] and across a gradient of scallop dredging intensity derived from vessel monitoring system data. Dredge fishing intensity was not correlated with species richness, species diversity, or species composition. However, increasing tidal BSS had a significant negative correlation with species richness and diversity. This outcome indicates that it is not possible to demonstrate that there is an effect of scallop fishing within the current spatial limits of the king scallop dredge fishery. This may be because historical dredge fishing could have already altered the benthic communities within the area of the scallop fishery to those that are resilient to scallop dredging, or that fishing disturbance has no impact over and above natural physical disturbance within the fishery. An analysis of biological and life history traits revealed that there was no relationship between recent fishing intensity, or BSS, and the functional composition of the communities present. However, even the lowest BSS values in the present study could be considered relatively high compared with areas outside the spatial boundaries of the fishery. Two distinct habitat groups were identified, based on the environmental drivers. These two groups were largely characterized by depth: deep (western) and shallow (eastern) sites. Species with traits that increase resilience to physical disturbance were abundant across all sample sites. Management concerning the environmental impacts of the fishery is discussed in terms of the spatial footprint of the fishery and predicted recovery time-scales for the associated benthic communities.
Introduction
The environmental impacts of fishing gear on the seabed have been extensively studied over the last three decades, yet this remains a topical area of knowledge needs due to the increasing focus on managing the effects of marine fisheries on the wider marine environment (Borja et al., 2010) . Towed bottom fishing gears have variable effects on species richness and biomass depending on the interaction between fishing gear, geographic location, sediment type, and intensity of fishing (see Thrush and Dayton, 2002) . In general, impacts from towed bottom-fishing gears are lower in areas where natural disturbance is high (Collie et al., 2000; Kaiser et al., 2006; Lambert et al., 2011) but are long lasting in biogenic habitats that are formed by organisms (e.g. Hall-Spencer and Moore 2000; Cook et al., 2013) .
Scallops are commercially important with an annual first sale value of more than £60 million in the UK alone (MMO, 2012) . Scallop dredging is known to lead to the mortality of benthic biota and causes disruption to benthic habitats, but the magnitude of these effects varies among different habitats . Biological communities that occur in naturally disturbed environments tend to be more resilient to disturbance and comprise a greater proportion of scavengers and mobile epifauna, compared with relatively undisturbed areas that have communities with greater abundances of sessile, emergent epifauna, and burrowing infauna (Collie et al., 2000; Dernie et al., 2003; Sciberras et al., 2013) . Collie et al. (1997) found greater species diversity and habitat complexity at sites where less intense scallop dredging occurred on Georges Bank in the northwestern Atlantic, and Kaiser et al. (2000) found similar effects in the coarse sediment habitats around the Isle of Man. However, both Stokesbury and Harris (2006) and Sciberras et al. (2013) reported that the short-term effects of scallop dredge disturbance could not be differentiated from the effects of natural disturbance from physical processes (such as shear stress from strong currents, tides, or storm events) in certain habitats. Therefore, natural disturbance may result in similar levels of modification of benthic habitats as anthropogenic disturbance such as dredging or trawling of the seabed. However, chronic physical disturbance (e.g. fishing pressure) that is greater in frequency and/or magnitude than natural disturbance can alter community structure and function, remove biomass, and reduce production (Hiddink et al., 2006a, b) .
The distribution of biological traits can reveal further insight into community assemblages occurring over different geographic locations or environmental conditions. The latter approach enables the quantification of ecological functioning and can be a useful tool in setting spatial boundaries for management (Frid et al., 2008) as different taxa demonstrate varying susceptibilities to both capture and damage from dredges . Both of the latter studies concluded that the communities present were adapted to the naturally dynamic environment and therefore a limited short-term dredge fishery appeared to affect communities no greater than natural perturbation. A greater shift in sediment composition than community composition in control areas suggested that the natural environmental regime in that area was highly dynamic. Therefore, to assess the impact of scallop dredging on the seabed, the following aspects must be considered: which species and habitats occur within the area affected by the fishery and their vulnerability to natural and fishing disturbance; the substratum type; the frequency and intensity of disturbance from fishing; and natural physical disturbance.
Seabed conditions are influenced by multiple, complex biotic and abiotic processes and the interactions therein (Snelgrove and Butman, 1994) , including temperature, sedimentary and hydrodynamic conditions, and interpopulation relationships between species. Variation in seabed conditions can be characterized by physical parameters (such as chlorophyll a concentration, sediment type, mean seabed temperature, annual temperature range, and interannual seabed temperature variation). Although the variables mentioned are not an exhaustive list of those that influence habitat and species composition, they are environmental variables for which data are available for most areas of the continental shelf in northern Europe. These variables are also considered important, at least in part, for helping predict the distribution of benthic species (Kostylev and Hannah, 2007) and are partly responsible for variation in community composition and distinct faunal distributions (Table 1) . Environmental variables influence the growth and survival of benthic organisms. Tidal bed shear stress (BSS) is a function of the maximum predicted tidal current and the bed friction coefficient and reflects physical disturbance at the seabed. BSS is a strong predictor of sediment type, benthic biomass, and production (Wildish and Peer, 1983; van Rijn, 1993) and influences food availability and the ability of organisms to filter feed. The growth rate and maximum size of king scallops in the English Channel is influenced by chlorophyll a concentration, temperature, and BSS (Smith et al., 2007) . Fish and macro-crustacean community assemblages in the English Channel are also linked to variation in depth, salinity, stratification, temperature, and BSS (Vaz et al., 2007) . Depth is considered a generic descriptor of varying environmental conditions and is correlated with temperature, shear stress, and sediment type.
Seabed recovery
When considering the impacts of disturbance, the time-scales over which recovery of the species and habitats in question may occur must be understood. Blyth et al. (2004) demonstrated similar species richness and biomass at regularly and periodically (seasonally) trawled sites off Start Point, Devon. However, sites that had never been trawled and those which had not been trawled in the previous 18 or 22 months had greater species richness and biomass. This indicates that benthic communities found in sedimentary habitats in the English Channel can begin to demonstrate signs of recovery .1.5 year post-fishing disturbance. Although recovery in highly dynamic sandy habitats can occur in ,1 year (Lindholm et al., 2004; Sciberras et al., 2013) , predicted recovery time-scales for communities on sandy gravel seabed, typical of that found in the English Channel, range from 2.5 to .10 years (Table 2) .
Policy context
Due to the economic importance of the king scallop fishery in the English Channel and requirements under the new EU Common Fisheries Policy (CFP) to maintain good environmental status of seabed habitats, it is imperative to understand the environmental impacts of the dredge fishery. Although studies regarding the impact of scallop dredging exist in other sea areas, it is clear that effects on biological communities vary widely with the environmental context.
The objectives of this study were to investigate the relative impact of scallop dredging on habitats at the scale of the king scallop fishery in the English Channel, by comparing epifaunal species diversity, composition, and biomass at sites subjected to varying levels of dredge fishing, while accounting for variation in environmental parameters between sites (depth, tidal BSS, seabed temperature, food availability, substrate type). Variation in the composition of Table 1 . Environmental parameters that correlate with benthic community composition.
biological and life history traits of communities was also investigated. These findings provide insights into the environmental impacts of scallop dredge fisheries in mixed sediment seabed habitats and would inform a more ecosystem-based approach to management of the scallop fishery.
Methods
To characterize and compare environmental conditions across the scale of the fishery, we integrated spatial data on a variety of relevant environmental variables across the English Channel and used these to identify regions that had distinct environmental characteristics in areas of key importance to the fishery.
Quantification of habitat characteristics
Available datasets were obtained for those environmental parameters that can determine benthic community composition, and that limit growth and reproduction for benthic organisms. Surface chlorophyll a concentration and water stratification can be combined to indicate the availability of food to benthic organisms. The mean seabed temperature, seabed temperature range, and seabed temperature variability are measures of physiological stress and may therefore influence growth rates in benthic organisms, as well as define the geographic range of a species. Time-series datasets for each of the above parameters were obtained (see below) and used to create raster data layers in ArcMap v.10 using a grid cell size of 500 m. A modelled dataset of tidal BSS from Hiddink et al. (2006a, b) was used to generate a raster data layer of BSS for the English Channel.
Seabed temperature
Monthly composites of modelled seabed temperature data were provided by NEODAAS (The Natural Environment Research Council Earth Observation Data Acquisition and Analysis Service) for the years 1990-2004 (Holt et al., 2012) . Data were provided as NetCDF files and data layers for single months were extracted and imported into ArcMap. To calculate the mean seabed temperature values, the mean temperature (T mean ) for each year was calculated from the 12 monthly values and then averaged to give an overall mean seabed temperature for the period 1990-2004. The amplitude of the seasonal cycle (temperature range, T range ) was calculated as the range between the minimum and maximum of all mean monthly values. The interannual temperature variation (T varib ) was calculated as the mean of the standard deviation of the mean temperatures for each month.
Food availability
Monthly composite sea surface chl a data from MODIS (Moderate Resolution Imaging Spectroradiometer) satellite data were provided by NEODAAS for the years 2003-2012. Layers for spring months of March, April, and May were imported into ArcMap and the mean chl a values for each month were calculated. These values were used to calculate the mean spring chl a value for the period 2003-2012. The transfer of chl a to the seabed can vary according to whether the water column is mixed or stratified. For this reason, modelled monthly mean potential energy anomaly data were obtained from the National Oceanography Centre (NOC) for the period 1994-2004 and used as a measure of water stratification. The mean value for each of the months June, July, and August was used to calculate an overall summer mean value. Food (chl a) availability (Fa) was calculated using the following formula from Kostylev and Hannah (2007) : Fa ¼ log(C/D) 2 S, where C is chl a concentration, D depth, and S the stratification index. Log(C/ D), S, and the resulting Fa values were all re-scaled to 0 -1.
Fishing effort
Anonymized vessel monitoring system (VMS) data covering the English Channel, including all UK and non-UK scallop vessels and aggregated on a scale of 0.025 decimal degrees (equivalent to 5 km 2 ), were obtained from the Marine Management Organisation (MMO). The data covered a 3-year period from October 2010 to September 2013. This time-scale was used as recovery is not expected to occur in the habitat types sampled within 3 years (Table 2 ). Data provided for each VMS record included: month, year, latitude, longitude, IFISH (UK Sea Fisheries Data Warehouse) gear code, and time interval between successive records. Scallop vessels fish at speeds of .2 knots (nautical miles h 21 ) and ,3.5 knots (Lee et al., 2010; Lambert et al., 2012) ; therefore, fishing activity was estimated using only those VMS records where speed was 2, 3, or 4 knots (speed on VMS records is recorded as an integer value). The time interval between VMS transmissions varied considerably; therefore, the sum of the time interval between successive VMS records was used as a measure of relative fishing intensity (FI) and expressed as "total hours fished" over the 3-year period (h 3 year 21 ).
Selecting sample sites and stations
The VMS data were displayed in ArcMap and areas frequented by scallop vessels were identified. Eight sampling areas were chosen ( Figure 1 ) covering the main fishing locations across the extent of the fishery; as well as a range of environmental conditions. Within each of these areas, five sample stations, within an 8 km radius, were selected to cover a range of dredge FI. The mean FI values across the five sample stations within each of the eight main sites are given in Table 3 . Due to limitations on time and money, only sites on the English side of the Channel were sampled. As VMS data do not include vessels ,12 m in length, which generally fish within 12 nautical miles of the coast, all sample sites were located outside the 12 nautical mile limit.
Sites 5-8 were sampled between 21 and 24 August, and sites 1-4 between 20 and 24 September 2013. At each sample station, scallop dredges were used to sample the abundance of king scallops, a 2-m beam trawl was used to sample the epifaunal community, and an Supplementary Table S1 .
Habitat survey Scallop dredging
At each sample station, a gang of four spring-loaded Newhaven scallop dredges were deployed and towed for 20 min, at 2.5 knots. Two king scallop dredges (9 teeth of 110 mm length, belly rings 80 mm diameter) and two queen scallop dredges (10 teeth of 60 mm length, belly rings 55 mm diameter) were used. The mean area sampled by the scallop dredges was 4362 m 2 (s.d. ¼ 757) per tow. The king dredges were used to sample the commercial catch of king scallops, while the queen dredges were used to retain smaller king scallops (below the minimum landing size). The dredges were emptied on deck between wooden dividers to ensure that the contents of each dredge remained separate for recording purposes. All king scallops were counted and weighed. The weight of inert ("Inert") material (gravel, rock, and broken shell) was recorded as kilogramme per hectare (kg Ha 21 ). When the total bycatch comprised one or two five-stone fish baskets (one basket holds 30-40 kg of catch), a subsample of one fish basket was quantified. The weights of subsampled bycatch were raised to estimate the total weight of each bycatch species from the haul. All bycatch organisms were identified to species or genus level and then counted and weighed using a motion compensated digital scale (Marel M-Series 1100) to the nearest gramme. For colonial species such as hydroids and bryozoans, only the total weight was recorded. When total weight was ,0.001 kg, a weight of 0.001 kg was recorded. Samples were omitted if fishing gear failure occurred. , 2004) , deployed at each station and towed for 5 min (+3 min) at a speed of 1.5 knots. The start and end coordinates were used to calculate the distance of each towed gear deployment. The width of the scallop dredges (0.76 m per dredge) and beam trawl (2 m) were multiplied by the distance of the tow to calculate the total area of seabed sampled during each deployment, and mean biomass (per tow, dependent on the number of dredges analysed) calculated per hectare (10 000 m 2 ). The mean area of seabed sampled by the beam trawl was 561 m 2 (s.d. ¼ 158) per tow. The whole of site 5 and station 8.1 were not sampled using the beam trawl as there were a greater proportion of large stones at these sites, and therefore a risk of damaging the gear. Therefore, the community analysis excludes site 5 (scallop biomass data from the dredge catches at site 5 were retained for analysis). The contents of each beam trawl were identified to species or genus level and the total count and/ or weight of each species was recorded.
Sampling of epifaunal communities

Observations and analysis of seabed type
To provide information on seabed substratum composition, a GoPro Hero3 camera mounted on a steel sledge with LED lights and scaling lasers was deployed and towed for 10 min at a speed of 1 knot (depending on the strength of the tide). A 12 megapixel photograph was recorded every 10 s. The camera was mounted on the sledge at an angle of 258 relative to the seabed. The distance between the lasers was measured and the width of the field of view calculated so that the images could be used to measure sediment grain size. Due to the angle of the camera, the field of view was greater at the top of each image than the bottom. The width of view halfway up each image (0.96 m) was therefore used to calibrate the images to estimate sediment particle size. Distortion at the image edge was not corrected for; however, as the camera/sledge geometry was kept constant, the effects of distortion will be the same across all sediment types. Seabed sediment was described as the percentage cover of different sediment grain sizes (based on the Wentworth scale, Wentworth, 1922) derived from the camera images using "Coral Point Count" (CPCe) software (Kohler and Gill, 2006) . Between 140 and 204 images were available for each station. Ten images spaced at approximately equal intervals were selected for analysis at each station. In CPCe, ten stratified random points were generated on each image and the type of substratum under the point recorded (Table 4 ). Analysis was trialled using 15 and 20 points per photo, but there was no difference in the outcome; therefore, 10 points were used for each image. From these ten records, the mean percentage cover of each sediment particle size was calculated. ImageJ (Schneider et al., 2012) was used to set the scale and measure individual sediment particles on the photographs. Particles .4 mm in diameter were measured and recorded in size categories (Table 4 ). The resolution of the images prevented accurate measurement of particles ,4 mm in diameter, hence this was the smallest particle size category recorded from photographic images. Sediment particles ,4 mm in diameter (categorized as mud, fine sand, coarse sand, and gravel) were combined into a single category; "Sand_grv" (see Supplementary Table S1 ).
Data analysis Quantification of habitat characteristics
Using the software PRIMER v.6 (Clarke and Gorley, 2006) , a draftsman plot was used to investigate significant autocorrelation between environmental variables. "Fa" was highly correlated with "T mean " (r ¼ 0.95); therefore, "Fa" was excluded from the multivariate analyses described below (Clarke and Warwick, 2001) . Data for the variable "Inert" (the weight of inert material retained in the dredge samples) were square-root transformed to down-weight the effects of outliers. The whole dataset was normalized, then a resemblance matrix was produced by computing the Euclidean distance between each pair of stations. To account for the variation in environmental characteristics across sample sites, a CLUSTER analysis with 999 permutations was used to identify significant groupings of sample stations based on their similarity in terms of the environmental variables. A PCA was performed to establish which of the environmental variables together explained the greatest variation between stations. The BIOENV procedure was used to investigate which environmental variables produced the highest correlation with species composition and the significance of the correlation was tested using the RELATE procedure.
Effects of natural and fishing disturbance on species diversity and community composition
No single fishing gear samples the entire benthic community, resulting in semi-quantitative sampling (Reiss et al., 2006) . Also, catching efficiency of both the beam trawl (Reiss et al., 2006) and scallop dredges (Dave Palmer, Centre for Environment, Fisheries and Aquaculture Science, pers. comm.) reduces with increasing sediment particle size. However, the 2-m beam trawl, due to its small mesh size, is considered to be the device that gives the most consistent and comprehensive data in relation to the epibenthic assemblage; therefore, this dataset was used for analyses of community composition. Non-parametric multivariate analyses of the community assemblage data were carried out in the statistical package PRIMER using the species biomass dataset for the beam trawl samples from sites 1 -4 and sites 6 -8. The DIVERSE function was used to calculate univariate measures of species diversity at each site using the un-transformed, un-aggregated biomass data: mean total number of species (S), total biomass at each site (N), species richness (count of the number of different species), Shannon diversity index (H), Pielou's evenness index (J), and Simpson's index (D) (in the form 1 2 l ′ ). Simpson's index gives greater weighting to the more abundant species in a sample, while the presence of rare species in a sample results in only small changes in the value of D. A multiple regression was performed to test for the effects of the environmental parameters (T mean , T range , T varib , BSS, Inert, Sand_grv, stratification; Chl a) on species richness. Model assumptions were assessed using No specific size Bedrock n/a n /a Shell n/a n /a Algae n/a n /a Organism n/a n /a Shadow (view obstructed by blur or shadow) n/a, not applicable. Classifications of particle size taken from Wentworth (1922) .
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plots of the residuals. Relationships between gross community metrics and Pecten maximus biomass retained by the dredges, and FI and tidal BSS were tested, controlling for the effect of habitat group ("Deep" or "Shallow") using a one-way ANCOVA in R (R, 2008; "aov" function). Model residuals were checked for normality of distribution and homogeneity of variance. The beam trawl species dataset was aggregated to genus level and a square-root transformation was applied to down-weight the influence of highly abundant or rare species. In PRIMER, a resemblance matrix was created using the Bray-Curtis similarity index. Sample stations were ranked based on FI values and each sample station was categorized as low (,10 h), medium (10-30 h), or high (30.1-93 h) FI. Similar groups were created for low (0.24-0.70 N m 22 ), medium (0.71-1.04 N m 22 ), and high (1.05-1.70 N m 22 ) BSS. A PERMANOVA (permutational multivariate analysis of variance, Anderson, 2005) was used to test for differences in species composition (using the aggregated dataset) between sites, using the factors FI/habitat group and BSS/habitat group. SIMPER analysis was used to identify characteristic species for the groups identified by the cluster analysis and samples grouped by BSS (low, medium, and high). Typical species identified in the SIMPER analysis were used for further univariate analysis against FI and BSS using a GLM approach.
Biological traits analysis
Thirteen ecological and life history traits were selected, based on their relevance to ecosystem functioning and the availability of trait information for the species in the beam trawl dataset (Table 5 ). Each trait was separated into a number of modalities (categories) resulting in 53 modalities in total. Information on traits was gathered from various sources (see Supplementary Appendix S2). As species can exhibit more than one trait modality (e.g. deposit and suspension feeding), a "fuzzy coding" approach was used (Pop, 2001) , where each taxa is coded according to the relative extent to which it displays each trait (Chevenet et al., 1994) . Fuzzy coding eliminates the effects of outliers or poorly distributed variables from analysis. When information regarding traits was not available, expert judgement was used to assign traits based on a comparison with similar species, genus, or family (as per Bolam and Eggleton, 2014) . If no information on a particular species' trait was available, the average score for the trait was assigned, so as to not influence final results (Chevenet et al., 1994) . The resulting "taxa by trait" matrix was converted to proportions providing a total value of 1 for each taxon and trait. The beam trawl biomass for each taxa was then multiplied by the fuzzy-coded trait proportion to produce a biomass-weighted trait-by-station matrix and a fuzzy correspondence analysis (FCA) was carried out using the "ade4" package in R (Dray et al., 2007) . The relationship of FI and BSS with the distribution of biological traits across stations was investigated using the multivariate methods described above in PRIMER and visually, from plots of the primary FCA axis values against FI and BSS. An asymptotic trend between FCA1 and BSS was investigated using non-linear modelling approach using the SSasymp function from the stats package in R (R Development Core Team, 2008).
Results
Quantification of habitat characteristics
A multiple regression of the environmental parameters against species richness revealed a significant relationship only with BSS (F ¼ 2.305 8,23 , p ¼ 0.02). A PCA of environmental variables (excluding "Fa") indicated that PC1 explained 50% of the variation between sample stations, and PC2 a further 18%. PC1 was mainly influenced by a similarly weighted combination of T range and T mean in one direction and depth in the opposite direction. Influencing PC2 were in order of strength of explanatory power: T varib and BSS in one direction, and "Inert" in the opposite direction ( Figure 2 ). There were two significant groupings of sites (p ¼ 0.01) based on similarity in environmental variables. The first group 18 -53 m) . Hereon in, the former group is referred to as "Deep" and the latter group as "Shallow". These groupings are demonstrated on the PCA plot ( Figure 2 ). Deeper sites had lower T mean and T range values, lower BSS, and a larger proportion of sand and gravel sediments, while shallower sites had higher levels of natural disturbance (BSS), and a larger proportion of large rocks (Table 6 ). BSS was highest at the eastern English Channel sites (5, 7, and 8, see Table 6 ), with similar values at site 3 (offshore western English Channel).
Effects of natural and fishing disturbance on species diversity and community composition
In total, 143 species were identified from all sample stations with all gear types, 23 for which only biomass was recorded. Pecten maximus biomass retained by the dredges increased with FI (Table 7, Figure 3 lower panel right) with no habitat group ("Deep"/"Shallow") effect. There was no significant relationship between Pe. maximus biomass and BSS. ANCOVA tests revealed no significant relationship between FI and the total number of species, species richness, Shannon diversity index, Pielou's index, or Simpson's index, with no interaction between the response variables and habitat group.
There was a significant difference in the relationship between the total number of species and FI, for the two habitat groups; however, the relationships themselves were not significant. There were significant negative relationships between BSS and species richness, Shannon index, and total number of species (Figure 3 , Table 7) , with no significant habitat group effect. The community composition was analysed for the two habitat groups ("Deep"/"Shallow"). There were significant differences in species composition between the "Deep" and "Shallow" groups (p ¼ 0.003); however, the effect of FI was non-significant, and there was no interaction between habitat group and FI. There was a significant difference in species composition between levels of BSS (p ¼ 0.0001) and there was a significant interaction between BSS and habitat group. A rank correlation coefficient of 0.347 occurred between the species resemblance and environmental variable matrices, with the variables BSS, Sand_grv, and T range, best explaining the patterns of species composition between sites. The Spearman's rank correlation value was r ¼ 0.256, p ¼ 0.001. When single variables were tested, the highest correlation values were T range (0.285) and BSS (0.276).
"Deep" and "Shallow" had 14 and 7 taxa, respectively, that contributed to 80% of the similarity among stations within each of these groups (full output in Supplementary Table S3 ). In both habitat groups, these species included Aequipecten opercularis (queen scallop), Alcyonium digitatum, Pagurus sp. (hermit crabs), Asterias rubens (common starfish), and Psammechinus miliaris (green sea urchin) (Table 8) . Brittlestars, Ophiura sp. (Deep), and Ophiothrix sp. (Shallow) also contributed to the top 80% similarity within groups. A similarity/standard deviation (Sim/s.d.) value .1.3 indicates that the biomass of a species is consistent across samples within a group and therefore a typical species for the group (Clarke and Warwick, 2001) . Six typical species were identified and contributed to the top 80% between group dissimilarity, including A. opercularis, As. rubens, P. miliaris, Pagurus sp., Macropodia sp. (spider crabs), and Ophiura sp. There was a higher biomass of A. opercularis, As. rubens, and P. miliaris in "Shallow", while Macropodia sp. and Al. digitatum had higher biomass in "Deep".
The species contributing the greatest within-group similarity at medium and high BSS stations were A. opercularis, Pagurus sp., As. rubens, P. miliaris, and the brittlestars Ophiura sp. (medium) and Ophiothrix sp. (high). Species that contributed to the greatest within-group similarity for stations with low BSS included sessile, small body-sized, and fragile taxa that are less resilient to life in disturbed environments. Typical species included Pagurus sp., Al. digitatum, Macropodia sp., A. opercularis, and P. miliaris. Other species Figure 2 . Results of a PCA of the environmental variables at each site: Depth, BSS, T range , T varib , T mean , Inert, and Sand_grv. PC1 accounts for 50% of variation between sample sites and PC2 a further 18%. Symbols represent sample sites grouped according to their similarity in environmental parameters: "Shallow" or "Deep". (Table 8 ). Many other species had low biomass and were present at only a few of the sample sites. Therefore, it was not possible to test the relationship between the biomass of those species with FI or BSS due to the large number of zeros in the dataset.
Biological traits analysis
A plot of the FCA revealed that most of the stations were clustered together meaning they have similar biomass weighted trait distributions, although stations from sites 1 and 2 (the most westerly sites) were more distinct from other stations (Figure 4 ). FCA axis 1 accounted for 33% of the variation in traits between samples and FCA axis 2 contributed a further 19% (Table 9 ). There are no environmental characteristics clearly distinct to sites 1 and 2, although relatively low temperature ranges occur at both. The traits that contributed most to the variation between stations are those to the left of the main cluster (Figure 4) . The trait modality "Epizoic" relates to one species Scalpellum scalpellum, the goose-necked Intercept and slope values given for significant relationships. Figure 3 . Plots of the relationship between species richness, Shannon diversity index, the total number of species, and BSS; and the relationship between scallop biomass in the dredges and fishing intensity. Significant fitted relationships are shown by a solid line. See Table 7 for intercept and slope values.
Natural vs. fishing disturbance i77 barnacle that attaches to hydroids and bryozoans, which are abundant at scallop fishing grounds. Longevity of ,1 year ("Long 0.1"), body size of 1-2 cm ("size 1.2"), "crustose" morphology, and "semelparous" reproduction all relate to ,0.1% of the total biomass, so are not considered to be indicator traits. There was a high biomass of "sessile" organisms at sites 1 and 2, and around 50% of the overall biomass of "colonial" and "attached" organisms and those with "soft", "cushion", or "stalked" morphology occur at these sites. Sites 1 and 2 also had 70-90% of the overall biomass of the trait modalities; "lecithotrophic" larval development, "tunic" morphology, and a lifespan of 1-3 years ("Long 1.3"). There were no significant differences in species trait composition between low, medium, and high FI stations (R ¼ 0.005, p ¼ 0.376); or between BSS groupings (R ¼ 0.052, p ¼ 0.115); therefore, no further analysis was carried out. A plot of the FCA1 scores against FI revealed no trends; however, a plot of FCA1 scores against BSS revealed an asymptotic trend ( Figure 5 ). This suggests that there is a threshold at which the effect of BSS on trait composition is absolute. The relationship was significant (p ¼ 0.009) and the curve was described by the equation:
where Asym¼0.328, is the horizontal asymptote; R0 ¼ 2222.280, the response value when BSS is zero; lrc ¼ 2.893, a value representing the natural logarithm of the rate constant. 
Discussion
Habitat characteristics within the fishery Of the environmental parameters included in the analysis, only BSS had a significant relationship with species richness. Hence, although all the parameters are known to influence benthic species composition, BSS is considered the most important driver of species richness on scallop fishing grounds in the English Channel. In addition to BSS, seabed temperature range (T range ) was also a key driver of community composition. These are both environmental factors to which benthic species generally have a tolerance range (Hall, 1994; Hiscock et al., 2004) . Of the sites sampled, two habitat groups were identified based on similar environmental characteristics, defined largely by water depth (Kaiser and Spence, 2002) . There were significant differences in species composition between the "Deep" and "Shallow" habitat groups (with a degree of overlap between the groups).
There was a moderate correlation (0.347) between the environmental and species resemblance matrices, indicating that a more complex suite of variables than those included in the present study influence species composition.
Effects of natural and fishing disturbance on species diversity and community composition
Dynamic environments mask potential community changes caused by fishing impacts. Therefore, it can be difficult to separate the effects of fishing from the inherent natural variability in dynamic shelf-sea systems. Furthermore, there are no well-defined reference data for which comparisons of fished and unfished habitats can be made. Commercial scallop vessels have operated in the English Channel for over half a century; therefore, any changes caused by historical fishing activity will remain unknown (Gislason, 1994) . Our ability to detect changes attributed to fishing pressure also relates to our ability to reliably determine fishing pressure at an appropriate scale and distinguish those effects from the natural variability of the system. Aggregated VMS data have inherent limitations that can either over-or underestimate fishing pressure, depending on the scale of aggregation and the number of data points available (Gerritsen et al., 2013) . However, the likelihood of any over-or underestimation of fishing effort is considered to be consistent between sample stations; and it is relative, rather than absolute, fishing pressure that provides the basis for this study.
When environmental differences between sites were accounted for in multivariate analyses, no significant relationships were found between recent (3 year) dredge fishing intensity and measures of gross community metrics (total number of species, species richness, Shannon diversity index, Pielou's evenness index, and Simpson's index) across scallop fishing grounds in the English Channel. However, a significant negative relationship occurred between BSS and the total no. of species, species richness, and diversity. As BSS increases so does the amount of stress on benthic organisms and high BSS is associated with highly dynamic systems where only a reduced assemblage of the most resilient species are able to succeed. There are three potential hypotheses for a lack of relationship between fishing intensity and species diversity: the environmental regime (including natural physical disturbance) has a greater influence on species composition at the sites studied (Stokesbury and Harris, 2006) and scallop dredging has no further impact; the effects of low dredge intensity are absolute (Hall-Spencer and Moore, 2000) and the frequency of fishing events does not allow recovery of the seabed and communities (the most recent dredging activity occurred ,1 year ago at all sites sampled); or the communities at the sites are held in an altered state due to historical scallop dredging activity (Collie et al., 2000) . Scallops have been commercially fished in the English Channel for much of the last century; however, the number of vessels in the fishery increased dramatically in the mid-1970s and has remained high ever since. In the English Channel, scallop beds also overlap with beam trawl fishing grounds, resulting in additional anthropogenic disturbance, although this was not included when calculating fishing effort in the present study. The benthic communities that result from this pattern of disturbance within trawl and dredge disturbed areas may be tolerant of this regime of disturbance, although this hypothesis requires further investigation. In addition to the above considerations, the lowest levels of BSS occurring at sites in the present study are relatively high compared with other studies on the impacts of towed bottomfishing gear (Tillin et al., 2006) . Therefore, it may be expected that the communities present are already tolerant of physical disturbance.
A caveat of the sampling method is that the catching efficiency of beam trawls is likely to be correlated with particle size, and the effect might vary for different sizes of organisms. However, there are no data available with which to construct correction coefficients. As sediment particle size is correlated with bed shear stress, there may be some confounding between these two variables.
Results from the multivariate community analysis indicated similar species composition across all the sites sampled, irrespective of fishing intensity. Mobile opportunistic scavengers, including starfish, brittlestars, urchins, and small crustaceans, were common across all sites. BSS is a significant modifier of gross community metrics such that more species (and less common species) occurred in areas with lower BSS. Differences in species composition between sites with varying levels of BSS were largely attributed to variation in the biomass of six taxa (A. opercularis, As. rubens, Ciona intestinalis, Cellaria sp., A. digitatum, and P. miliaris) and the number of rarer species that occurred at each site. Species found at sites with higher BSS are those which are better able to either survive or avoid bottomtowed fishing gear, can utilize detritus and dead organisms left in the path of the dredge, and are faster to recolonize an area post-dredging. This is further supported by analysis of biological traits (see below). These species included: A. opercularis; the brittlestars Ophiura sp. and Ophiothrix sp., Pagurus sp.; As. rubens; and P. miliaris. The latter three species are resilient scavengers (Lawrence, 1975; Groenewold and Fonds, 2000) and are likely to be common on seabed areas subject to fishing disturbance. Collie et al. (1997) also found that scavenging biota were dominant in areas subject to scallop dredging activity. The queen scallop, A. opercularis, is considered resilient to fishing (Nall, 2011) .
Relationships between typical species and FI or BSS were not found to be significant. Psammechinus miliaris and As. rubens are both opportunistic scavengers with life history or morphological traits that aid survival in disturbed conditions. The biomass of both species appeared to be positively correlated with both increasing fishing intensity and BSS (although always on the margin of significance). Small spider crabs, Macropodia sp., and Inachus sp., were prevalent at many sites. Although these species appear fragile, they demonstrate the ability to curl into a ball to prevent damage during dredging (Bradshaw et al., 2002) . The positive relationship between fishing intensity and catches of king scallops in the dredges was unsurprising, given that scallop fishers actively target areas with higher concentrations of scallops to maximize catch rates. However, the biomass of scallops in an area will also be influenced by recent fishing activity that leads to localized depletion of stocks. Scallop biomass did not vary with BSS, indicating that Natural vs. fishing disturbance i79 scallops are able to tolerate a greater range of BSS than many of the benthic organisms identified in this study. This makes them an ideal species for harvesting; resilient to physical disturbance; and able to survive over a broad range of habitat types. The species assemblage described above represents the community typical of commercial scallop fishing grounds in the English Channel. Species that contributed most to the similarity within groups were those with behavioural or morphological traits that aid survival in disturbed habitats (Table 10) . Traits occurring at sites 1 and 2 (sessile, "colonial", and "attached", "soft", "cushion", and "stalked") are typical of less disturbed habitats. Sites 1 and 2 had the lowest and third lowest BSS, respectively. Bradshaw et al. (2001) demonstrated long-term community changes on fishing grounds around the Isle of Man by comparing taxonomic datasets spanning a 60-year period. The study found no relationship between the level of fishing intensity and taxonomic distinctness, although certain species had decreased in abundance over time. These included, among others: Ophiothrix fragilis; three hydroid species; two upright, and a number of encrusting bryozoans; encrusting worms (Serpulidae and Spirorbidae). Other species had increased in abundance: the brittlestars Ophiocomina nigra, Ophiura albida, and Amphiura filiformis; squat lobsters (Galathea intermedia); spider crabs including Macropodia sp. and Inachus sp.; some upright sessile organisms such as Nemertesia sp., Ascidiella sp., and Hydrallmania sp.; the gastropods Calliostoma zizyphinum and Buccinum undatum; the common starfish As. rubens; hermit crabs, Pagurus sp.; and pectinid bivalves. All the latter taxa commonly occurred at sites in the present study. Thus around the south and west coast of the British Isles, there are similarities in community composition and traits associated with areas subject to scallop fishing activity.
Biological traits
Biological trait analysis (BTA) provides an objective measure of functional diversity and provides greater detail on ecosystem functioning than a taxon approach alone. BTA is resistant to large-scale biogeographic variation (Bremner et al., 2003) and can also usefully highlight the dominance of traits associated with adaptations to disturbed environments such as a short lifespan, high growth rate, mobility, and robust morphology (Bremner et al., 2003; Tillin et al., 2006) . At sites around the Isle of Man, Lambert et al. (2011) found a negative relationship between wave stress and the maximum size of emergent, hard bodied, and flexible organisms and the total biomass of emergent, colonial, and flexible organisms. This may reflect impairment of feeding and larval settlement abilities with increased wave stress. The same study found a decrease in solitary, colonial, and flexible organisms with increasing fishing frequency. In the present study, trait biomass was found to be similar at the majority of sample sites regardless of FI. Variation in biological traits was observed at lower levels of observed BSS; beyond a threshold of BSS (.c. 0.3 N m 22 ), trait composition was similar across sample stations. Beyond this threshold, trait composition is heavily weighted towards traits that enhance survival in disturbed habitats. The variation in trait composition at lower levels of BSS was attributable to a few rare species. The two most westerly sites (sites 1 and 2) had less similar trait composition to other sites; this was due to a higher biomass of "sessile", "colonial", and "attached" organisms and those with "soft", "cushion", or "stalked" morphology. Such traits are common in less disturbed habitats. Site 2 had the lowest overall BSS and site 1 the third lowest BSS. This suggests that the functional composition of communities at the scale of the English Channel scallop fishery reflects spatial variation in levels of natural physical disturbance. It is also possible that repeated fishing disturbance over decadal time-scales has altered community trait composition. Longer term effects of trawling in the North Sea indicate that scavenger and predator species are more abundant in recent times, possibly attributed to fishing activity over the last century (Rumohr and Kujawski, 2000) , although the ability to draw conclusions are limited due to differences in datasets and samples.
Management implications
Habitat-forming taxa such as bryozoans (e.g. Pentapora fascialis), maerl, and macroalgae provide substrate on which juvenile scallops (spat) can settle, as well as providing protection from predators, but these taxa suffer negative impacts from scallop dredging (Bradshaw et al., 2001; Stokesbury and Harris, 2006; Howarth et al., 2011) . Closed areas can provide benefits to the commercial scallop fishery by preserving habitat complexity to enhance spat settlement. Densities of scallops and the age and size structure of the population can increase both within the boundaries of a closed area and on adjacent grounds that are fished, which can lead to a tenfold increase in the exploitable biomass (Beukers-Stewart et al., 2005) , an increase in the density of breeding adults (Stokesbury and Harris, 2006) and increased reproductive output (Kaiser et al., 2007) . Indirect effects of closure (e.g. trophic effects, such as a decline in prey species as the population of target species recovers) take on average 13.1 (+2.0) years to become evident (Babcock et al., 2010) . Three large closed areas, coupled with controlled, rotational opening of grounds successfully reformed the Placopecten magellanicus (sea scallop) fishery of Georges Bank (northwestern Atlantic) from near depletion in the early 1990s, to become the most valuable fishery in the United States now. This provides evidence that management incorporating systematic, prolonged (6 -8 years) closure of areas next to exploited grounds can maximize yield and profit, while also providing ecosystem benefits (Valderrama and Anderson, 2006) . The present study has not identified any effect of scallop fishing intensity on the habitats and communities present. All grounds surveyed had been fished at least once in the previous 3 years. Therefore, long-term (.5 -8 years) or permanent closures may be more beneficial than the current cyclical regime of harvesting if an improved status of the seabed was a desirable outcome (Murwaski et al., 2000; Blyth et al., 2004; Howarth et al., 2014) . Due to the consequences of scallop dredging on the seabed, a future management strategy might also retain the fishery within the current spatial extent to negate any damage to grounds that are outside of the boundaries of the current fishery. Closure of areas that have experienced historically low fishing pressure would enable relatively large areas of the seabed to recover, while minimizing the economic impact to the scallop industry. The potential impacts of such ground closures include displacement of effort to the core fishing grounds (therefore increasing fishing mortality in these zones) and the lack of ability to utilize patches of scallop settlement outside of traditional areas, and respond to changing oceanic conditions. However, closures will only benefit communities in areas where natural disturbance is lower than that caused by fishing gear. Recent storm events in the UK have highlighted that in certain coastal areas of the UK such as Cardigan Bay and Lyme Bay, this is not likely to be the case (Lambert et al., 2014b) .
Conclusions
The impact of specific fishing gears depends on the environmental regime of the habitat in question. The present study was conducted on moderately dynamic, temperate sand and gravel habitats that have experienced prolonged (.40 years) periods of scallop dredging. This historical fishing activity could have altered the habitats and shaped the benthic communities within the boundaries of the fishery (Bradshaw et al., 2002; Garcia et al., 2006) , resulting in communities resilient to fishing disturbance, although we are unable to demonstrate this in the present study. No effect of recent scallop dredging intensity on species diversity or composition was demonstrated (total scallop dredging activity ranged from 2 to 93 h over a 3-year period at the sites sampled). The statistical results of this study imply that natural physical disturbance may exert a greater influence on species richness and community composition than fishing pressure. Studies of fishing impacts in other areas (Bradshaw et al., 2002; Blyth et al., 2004; Sciberras et al., 2013) have had the advantage of adjacent areas that have been closed to towed bottom gears for a period, enabling comparison with fished areas. Hence, forthcoming Marine Conservation Zones (MCZs) in the English Channel that prevent the use of bottom-towed fishing gears will enable more precise evaluation of the effects of scallop dredging, irrespective of the temporal and spatial patterns of fishing (e.g. Strain et al., 2012) .
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